The Department of Energy is sponsoring the River Protection Project, which includes the design of a facility to stabilize liquid radioactive waste that is stored at the Hanford Site. Because of its experience with radioactive waste stabilization, the Savannah River Technology Center (SRTC) of the Westinghouse Savannah River Company was contracted to develop and test parts of the waste treatment process. One part of the process is the separation of highly radioactive solids from the liquid wastes by precipitation and cross-flow filtration. A cross-flow filter was tested with simulated wastes made to represent typical waste chemical and physical characteristics. This paper discusses the results of cross-flow filter operation in a pilot-scale facility that was designed, built, and run by the Experimental Thermal Fluids Laboratory of SRTC. The waste simulant, which was used for the test, had an insoluble solids loading that was varied from 2 wt% to 22 wt%, with a bimodal distribution of particle sizes from 1 to 2 microns and 5 to 10 microns in diameter. The filter contained seven 316L stainless steel sintered-metal tubes in parallel. Each tube was identical, being 1.01 meter long, 9.5 mm inside diameter, and membrane thickness of 1.6 mm. The porous tubes were made to capture 95% of particles ≥ 0.1 micron.
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Introduction
The United States of America has a large supply of radioactive waste left over from the cold-war years and much of it is in the form of slurries that are stored in federal repositories. To better stabilize this waste, a method of combining it with glass was developed. In the pretreatment for vitrification, the waste is separated into various constituents for more efficient handling. Separation begins by removing the highly radioactive insoluble solids from the liquid. However, combined with the radioactivity, the other slurry characteristics, like the ability to easily plug filters and becoming nonNewtonian at high solids concentrations, make such separation a challenge.
A form of filtration that has worked in the past (Gutman et al., 1989) for radioactive service is called cross-flow, where the turbulent flow (Tennekes and Lumley, 1983) of slurry (Fritz and Pahl, 1996) runs parallel to the permeable surface. This cross-flow action helps to keep the surface clean by continually shearing the cake of solids away from the permeable barrier (Murkes and Carlsson, 1988) . If the main objective is to concentrate a slurry by the separation of some of its supernatant, then, cross-flow filtration is an appropriate technology that can be economical for certain industries (Roeleveld and Maaskant, 1999) .
Cross-flow filtration is preferable to the more common dead-end filtration when the slurry to be filtered can easily plug, like those that contain gums , colloidal solids (Sundaram and Santo, 1977; Howell, 1995) , or other non-Newtonian flows . Unfortunately, to date predicting the cross-flow filtration parameters for easily plugging slurries is still difficult and must be studied through experimentation. For simple slurries (e.g., sand and water) there exist today a certain level of sophisticated analyses that can be used to predict cross-flow filtration parameters (Song, 1998; Fritz and Pahl, 1996; Lu, Hwang, and Ju, 1993; Stamatakis and Tien, 1993; Murkes and Carlsson, 1988) . Such analyses that make simplifying assumptions about particle types, cake compressibility, cake uniformity, etc. do not apply to slurries that may change in character with time or flow conditions. However, with better observational techniques (Li, et al., 1998) a better understanding of these challenging slurries will emerge.
BNFL, Inc. (BNFL) was contracted by the Department of Energy to design a facility to stabilize liquid radioactive waste that is stored at the Hanford Site. Because of its experience with radioactive waste stabilization, the Savannah River Technology Center (SRTC) of the Westinghouse Savannah River Company was contracted by BNFL to help design and test certain parts of the waste treatment facility. The Experimental Thermal Fluids Laboratory of SRTC developed a test to evaluate a selected cross-flow filter to show its filterability with a waste simulant.
The simulant was made to be physically and chemically similar to the real waste, except for its radioactivity. It, like the real waste, contained organic complexants and several compounds were added to precipitate strontium and the simulated transuranic constituents. The resulting Strontium-Carbonate/Manganese-Dioxide-based slurry is what will exist in the actual process. The resulting mixture behaved like a Newtonian fluid 3 when the insoluble solids concentration was 2 wt% or less, but as the solids concentration increased it became non-Newtonian. Specifically, the rheological character of the waste changed to a shear-thinning, thixotropic, and sticky slurry at higher solids concentrations.
The results from this filter test were useful to the overall project of building a plant to stabilize the radioactive waste and it is the hope of the authors that this information will be a useful addition to the growing body of data on hard-to-filter solutions.
Experimental
Details of the experimental setup and test procedure can be found in the 2001 ICMF paper by Duignan et al., 2001 , however a brief summary is given below for convenience. Figure 1 is a schematic of the entire test rig. The test rig was made of three flow loops: Figure 1 . Pilot-scale cross flow filtration test facility 4 th International Conference on Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 4 1. Slurry loop, which contained the cross-flow filter and its housing 2. Filtrate loop, which began at the filter housing and allowed the separated filtrate liquid to flow up through the backpulse piston before returning to the top of the slurry loop to close the circuit. 3. Cleaning loop, which enabled the cleaning of the filter in place.
Test Rig

Cross Flow Filter
The filter unit used in this test was manufactured by the Mott Metallurgical Corporation and had the following characteristics:
Material:
316L stainless steel (sintered metal) Porosity:
Nominal † rated 0.1 micron Porous Length: 1.01 meter Diameter:
9.5 mm inside and 12.7 mm outside diameters (filter area of 0.211 m 2 ) Number of tubes: 7 Figure 2 show the 7-tube bundle of filters before its installation in its housing. This assembly was sealed in an 83 mm inside diameter tube that allowed the filtrate to be directed outside the filter unit and collected. As needed for plant service, the stainless steel sintered tubes have a fairly robust construction. Figure 3 shows an enlargement of two different pore-size filter elements, 0.5 and 100 microns. (Mott did not have a picture of a nominal rated 0.1 micron filter but stated that the appearance is identical to the larger sizes.) The sintering process leads to a labyrinth of pores which makes the structure strong but also increased the possibility of depth fouling for whatever solids manages to penetrate the metal substrate. For this filter backpulsing should be minimized so that the filter cake minimized the number of small particles that enter the metal pores. † The word "nominal" for a filter is a vague term because its meaning is manufacturer dependent. Further, a "nominal" rating does not give an exact size to a filter medium; but rather an approximation to the expected performance of a filter. In the case of Mott, a nominal rated 0.1-micron filter means that approximately 95% of particles greater than 0.1 micron will not pass the filter. However, this measurement verified with a bubble-point test that is done to the ASTM Standard F316-80. th International Conference on Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 5 Figure 3 . Magnified views (approximately 150X) of surfaces of two different pore-size rated Mott filters (the number to the left of each figure is the pore-size rating in microns)
Instrumentation and measurement uncertainty †
The measurement equipment used for this experiment included: five type E thermocouples (uncertainties from 1.2 to 1.3 K), six pressure transducers (uncertainties from.0.2 to 2.6 kPa), and three magnetic flow meters (uncertainties from 0.02 to 0.72 lpm).
The measurement uncertainties (95% confidence level) for the important calculated quantities were:
Slurry Velocity in a Filter Tube = V ± 8.1 % Transmembrane Pressure = TMP ± 1.1 % Filtrate Flux = ± 11.7 %
Simulated Waste Slurry
The waste that needed to be simulated is a mixture of solids and organic and other complexants components. The simulant was made to represent the physical and chemical characteristics of the actual waste (Jo et al., 1996; Urie et al., 1999; Eibling and Nash, 2000) without being radioactive. The simulant development is complex and beyond the scope of this study, however it was made of supernatant, Fig. 4 , and solids, Fig. 5 , along with three additional compounds, NaOH, Sr(NO 3 ) 2 , and NaMnO 4 to develop a target precipitant that is part of the waste plant pretreatment process. The resulting slurry was sticky, relatively thick, dark brown mixture at 2 wt% of insoluble solids and it had a ketchup-like consistency above 20 wt%. † The measurement uncertainties were a function of the instrument and calibration. The uncertainty introduced through the use of the 16-bit data acquisition system was insignificant (<0.1% reading) and was not included in the values above. Details of the measurement uncertainty analysis can be found in Duignan, 2000. The particle size distribution of the real waste was determined (Lumetta and Hoopes, 1999) to be bimodal, ranging from 1-2 microns and from 5-10 microns. Figure 5 includes the particle sizes of the solids which were used in the simulant and Fig. 6 shows the simulant particle distribution by volume, however a distribution by population had an average particle size of 1 micron. (Jo et al., 1996; Urie et al., 1999; Lumetta and Hoopes, 1999; Eibling and Nash, 2000) . th International Conference on Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 7 Figure 7 shows several samples of the slurry in Nalgene containers that were drawn during the test with estimate of the insoluble solids concentration. Figure 8 . Some of the slurry properties at 298 K The data in Fig. 8 imply that for a high solids loadings the simulant rheologically behaved as a fluid that can be represented by the Bingham model. Using such a model is a simplifying assumption but this is adequate for engineering purposes, Fig. 9 . However, the simulant at elevated insoluble solids loadings is actually a thixotropic fluid, or a pseudoplastic fluid where the properties are time dependent. A pseudoplastic fluid in known for its shear-thinning properties which means that there is a reduction in viscosity as the rate of shear increases in a steady shear flow. Figure 10 compares all the low solids concentration test runs together and are displayed in chronological order with test run 1 being the earliest. The values for the filtrate flux given in the graph were averaged over the time of each test, which was approximately two hours; starting and ending with a backpulse. It would appear that the flow conditions of run 1 (V=3.5 m/s, TMP=385 kPa) gave the highest filtrate flux. A close second were for runs 5, 7, and 9, with an axial velocity of 4.6 m/s and TMP form 207 to 356kPa. They all had a filtrate flux of 17 cm/hour, or better.
Figure 7. Settled solids in simulant
Results and discussion
Low insoluble solids concentration
Comparison of Low-Solids Concentration (2 wt%) Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 9 10, which had a duration of approximately 2 hours, the filtrate flux degraded by approximately 3%. This degradation was a permanent loss of filter performance until it could be cleaned.
Considering the effect shown in Fig. 11 , then, the general trend shown of the chronologically ordered data in Fig 10 makes sense. That is, independent of the flow condition, the overall trend of the filtrate flux data was to decrease with time due to depth fouling and therefore results can only be compared which are close to each other in time.
Since the measurement uncertainty for the temperature corrected filtrate flux was 11. 7%, which was previously mentioned, then a 3% filtrate flux degradation is insignificant between runs that are less than 8 hours apart. Even when taking into account the effect of fouling and the measurement uncertainty, two general results stand out when consider all the low insoluble solids data: The filtrate flux was independent of TMP, Fig. 12a , but was directly dependent on the slurry axial velocity, Fig. 12b . The lines drawn through the data on both figures were obtained from a least square fit to the eighteen points. Figure 13 is an overall comparison of the high-solids concentration test runs. Run 1 had an insoluble solids concentration of 22 wt%, but the remaining six runs had a concentration of 14 wt%. The intention was to do all the runs above 20 wt% but centrifugal pumps that were used could not handle the thick slurry. In fact, run 1 had to be stopped after 35 minutes of operation; therefore the filtrate flux in Fig. 13 is for that shorter time period. However, after the first 10 minutes run 1 stabilized at a constant filtrate flux of 2.4 cm/hour. Starting with run 2 the slurry was diluted to a concentration of 14 wt%, which allow the required two-hour period per test run to continue.
High insoluble solids concentration
While the cross-flow filter had a continuous flux of filtrate at the higher solids loadings, the magnitude of the best sustainable flux was 25% (~ 4.5 cm/hour) of the best maintainable flux for the lower solids concentration. Further, the same conclusion made for the lower solids concentrations still held. That is, increasing the TMP had little affect on the filtrate flux, e.g., compare test runs 4 to 5, but increasing the slurry axial velocity had a significant affect on filtrate flux. e.g., compare test runs 3 to 5. It appears that the th International Conference on Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 10 only effect of the thicker, non-Newtonian, slurry had on filtration was to reduce the filtrate flux. Figure 14 shows one of the slurry runs at 14 wt% of solids. Besides the lower magnitude of filtrate flux, it behaved similar to when it behaved as a Newtonian fluid. The data in Fig. 14 
Comparisons to other experiments
The average filtrate flux obtained for all test runs with the low solids concentration simulant was > 8 cm/hour. This flux was 75% lower than that obtained by one cross-flow filtration investigation by Murkes and Carlsson, 1988; (p. 41) , where a filtrate flux of approximately 40 cm/hour was measured after 2 hours of filtering for a much simpler slurry of distilled water and clay (kaolin). [The experimental conditions were: a nominal filter pore rating of 0.2 µm, TMP~200 kPa, V~2.5 m/s, 0.9 wt% insoluble solids, particle sizes < 2 µm, a slurry viscosity of 1 cP, and a temperature of 297 K.] Conversely, a filtrate flux of 8 cm/hour was significantly higher (by almost an order of magnitude) than that of a shear-thinning slurry of guar gum, which was investigated by [Their filtrate flux was approximately 1 cm/hour for the experimental conditions of: a nominal filter pore rating of 0.14 µm, TMP~200 kPa, V~3 m/s, 0.4 w% concentration of guar gum, particle size of 0.24 µm, a slurry apparent viscosity of ~400 cP at 1 s -1 and 62 at 10 3 s -1 , and a temperature of 293 K.]. However, when the solids concentration of the 4 th International Conference on Multiphase Flow, New Orleans, May 27 to June 1, 2001 WSRC-MS-2000 11 slurry for this test was raise to 22 wt% the average filtrate flux (2.5 cm/hour) dropped to the same range as what was observed with the guar gum slurry (1 cm/hour).
Backpulsing
Most of the test runs discussed in this paper had a duration of two hours between backpulses. The cross-flow filter was backpulsed at the start of each run and after two hours, which ended the run. For the filter under study, the manufacturer recommends that the backpulse frequency be no greater than once an hour; but the longer the time between backpulses the better. Even though the filter elements used had a thick wall (1.6 mm as opposed to a thin membrane filter), it was made to function as a surface, and not a depth, filter. The solids that are removed from the slurry are to remain on the surface of the filter and not lodged within the filter wall. As the filter cake builds, it itself becomes a secondary filter (Murkes and Carlsson, 1988 ) and according to Fischer and Raasch, 1986 and Ju, 1989 , it is the smallest particles in the slurry that form the cake. When a backpulse occurs, some (Mores et al., 2000) , or all of the filter cake is knocked off the fixed filter surface, which allows a higher filtrate flux, but also exposes the filter substrate to more of the smaller solid particles. Continued backpulsing will cause depth fouling and a reduced performance, making further backpulsing less effective. Even with only a 2 hour backpulse interval Fig. 11 clearly shows that depth fouling did occur from the approximate two-dozen backpulses made during the 35 hours of those tests. Fortunately, once the filtrate flux reached an asymptotic value after approximately 80 minutes, see Fig. 14, it remained fairly constant. During an earlier test with a different slurry (Duignan, 2000) , where the cross-flow filter ran for more than seven hours between backpulses, the filtrate flux was still within 10% if the value after 80 minutes. In fact, the indications where that the flux could have held for a considerably longer time period, which is not unrealistic since some cross-flow filters have run for 12 months without a chemical cleaning or backpulsing (Howell, 1994) .
Even though there are reasons to minimize backpulsing, one of the high-solids concentration runs was done with a 20-minute backpulse interval to determine what kind of an improvement could have been realized. Figure 15 shows the result of that test. 
